Introduction {#S0001}
============

*ALK* gene fusions are known oncogenic drivers in non-small-cell lung cancer (NSCLC) and other tumor types, and are targetable with multiple FDA-approved ALK tyrosine kinase inhibitors (TKIs).[@CIT0001] *ALK* rearrangements, identified using fluorescence in situ hybridization (FISH), immunohistochemistry (IHC) or next-generation sequencing (NGS), typically result in the ALK kinase domain fused to a 5ʹ dimerization partner. Patients with NSCLC positive for these alterations have excellent response rates to ALK TKIs.[@CIT0002]--[@CIT0004] The various accepted methods for detection of *ALK* rearrangements are generally concordant; however, previous studies have shown that cases negative by *ALK* FISH can be positive using NGS, particularly cases with complex DNA events, and that these patients respond to ALK TKIs.[@CIT0005],[@CIT0006] Given the efficacy of ALK TKIs as a class, deep understanding and exploration of these more complex *ALK* variants is warranted.

While the majority of *ALK* rearrangements detected using NGS are fusions with an identified 5ʹ partner, in a subset of cases DNA rearrangements are detected without evidence of a gene fusion. Case reports of NSCLCs with *ALK* rearrangements but no fusion partner detected in DNA have demonstrated *ALK* fusions in RNA and responses to ALK TKIs; however the literature remains relatively scant.[@CIT0007]--[@CIT0009] In a subset of cases, the N-terminal domain of ALK is predicted to be separated from the kinase domain through rearrangement or alternative transcription, resulting in activation in the absence of a gene fusion.[@CIT0010],[@CIT0011] In this report we present multiple patients whose tumors harbor novel rearrangements where both detected breakpoints occur within the *ALK* gene, and who experienced durable responses to ALK TKIs.

Methods {#S0002}
=======

Hybrid‐capture based comprehensive genomic profiling (CGP; FoundationOneCDx) was performed prospectively for 39,159 NSCLC patients on formalin‐fixed paraffin‐embedded (FFPE) tumor tissue or circulating tumor DNA (ctDNA) submitted during routine clinical care in a Clinical Laboratory Improvement Amendments‐certified, College of American Pathologists‐accredited, New York State‐regulated reference laboratory (Foundation Medicine Inc., Cambridge, MA). DNA (\>50ng) was extracted from FFPE NSCLC specimens; NGS was performed on hybridization‐captured, adaptor ligation‐based libraries to high, uniform coverage (\>500x) for all coding exons of 236--405 cancer‐related genes plus selected introns.[@CIT0012] Additionally, since May 2016, hybrid-capture based NGS was performed on ctDNA.[@CIT0013] Two 10-mL aliquots of peripheral whole blood were collected, a double-spin protocol was used to isolate plasma, and 50--100ng of ctDNA was extracted to create adapted sequencing libraries before hybrid-capture and sample-multiplexed sequencing of 62--70 genes plus selected introns to \>5000x unique coverage. All *ALK* exons were baited; dedicated intron baiting was included for *ALK* introns 18 and 19 in ctDNA and intron 19 in tissue. DNA and RNA CGP (FoundationOneHeme) was performed on selected samples where indicated as assay previously described.[@CIT0014] Approval for this study, including a waiver of informed consent and a Health Insurance Portability and Accountability Act waiver of authorization, was obtained from the Western Institutional Review Board (protocol no. 20152817).

Results {#S0003}
=======

The index patient is a 50-year-old female never smoker diagnosed with stage III lung adenocarcinoma in 2015. *ALK* FISH testing, as well as *ROS1* FISH and *EGFR* mutation testing, was negative. She received carboplatin/pemetrexed/bevacizumab followed by nivolumab and discontinued both due to toxicity. The treating physician then ordered CGP of a right lung core biopsy which showed an *ALK* rearrangement (intron 17/19 breakpoints) predicted to result in an internal inversion. No alterations in other known drivers were detected. Subsequent ALK IHC testing was positive and the patient began treatment with crizotinib. Due to intolerability, after less than 2 months she was switched to alectinib with excellent partial response (PR) lasting 26 months ([Figure 1](#F0001){ref-type="fig"}). At progression on alectinib no resistance alterations within *ALK* were identified, although an inactivating *STK11* alteration was acquired, and the patient was recently switched to lorlatinib.

To assess the frequency and diversity of this class of *ALK* rearrangements we queried the Foundation Medicine database of 33,601 tissue and 4679 ctDNA samples from 39,159 NSCLC patients, which were submitted for CGP during clinical care (July 2015 - January 2019). DNA rearrangements with both breakpoints within *ALK* predicted to result in inversion of a portion of the N-terminus leaving the kinase domain (exons 20--29) intact were found in 25 cases (0.06%; 24 tissue and 1 ctDNA sample). In most cases (76%, 19/25), the inversion co-occurred with another *ALK* rearrangement, typically an *EML4-ALK* fusion, but in 6 cases the inversion was the only *ALK* alteration identified in DNA. All 6 cases were lung adenocarcinomas, 5/6 patients were female, and the median patient age was 60.5 years (range 23--82) ([Table 1](#T0001){ref-type="table"}). There were no other known driver alterations in 5/6 cases; the sixth case, which was known to be treatment naïve, had a co-occurring EGFR L858R mutation (mutant allele frequency 30%). The 5ʹ *ALK* breakpoint was in introns 8--17 and the 3ʹ *ALK* breakpoint was in intron 18 (n=1) or intron 19 (n=5). Two cases were evaluated for *ALK* rearrangements in RNA and in both harbored an *EML4-ALK* RNA fusion.Table 1Clinical and Genomic Characteristics of NSCLC Cases with ALK Internal RearrangementsALK Rearrangements in NSCLC Detected by CGP of DNAALK Internal Inversion AloneALK Internal Inversion + Co-Occurring ALK Rearrangement/FusionALK Internal Deletion AloneALK Internal Deletion + Co-Occurring ALK Rearrangement/Fusion\# cases6 (6 tissue, 0 ctDNA)19 (18 tissue, 1 ctDNA)3 (3 tissue, 0 ctDNA)5 (3 tissue, 2 ctDNA)Median age, years (range)60.5 (23--82)63 (49--83)55 (33--66)55 (38--58)Gender M:F1:57:122:12:3ALK breakpointsintrons 8/19 (n=2) introns 11/18 introns 15/19 (n=2) introns 17/19introns 1/19 (n=7) introns 3/19 (n=2) introns 4/19 (n=2) introns 8/19 introns 11/18 (n=2) introns 11/19 introns 12/17 introns 14/19 introns 15/19 introns 17/18introns 1/18 introns 3/19 introns 12/19introns 1/19 introns 3/19 introns 5/19 (n=3)Co-occurring ALK rearrangement/fusionN/AEML4-ALK fusion (n=15) CLTC-ALK fusion CLIP4-ALK fusion ALK intron 19/MPV17 rearrangement ALK intron 19/intragenic space rearrangementN/AEML4-ALK fusion ALK-EML4 reciprocal only TYW1B-ALK fusion ALK intron 19/HDAC8 ALK intron 19/intragenic space rearrangement\# with other drivers present1 (EGFR L858R)1 (MET amplification)00ALK FISH/IHC statusALK+ FISH^a^ ALK+ IHC^b^ ALK FISH negative (n=2)^c,\ d^ Not performed or unknown (n=2)NEALK FISH negative^a^ ALK+ FISH^e^Not performed or unknownNEALK rearrangement status on RNAEML4-ALK (n=2) Not performed or unknown (n=4)NENE\*NE[^1][^2]

Two additional patients with *ALK* internal inversions in DNA had clinical follow up data available. Case 2 is that of a 23-year-old male never-smoker diagnosed with stage IV lung adenocarcinoma in 2018. He had a right frontal lobe brain lesion resection, consistent with metastatic adenocarcinoma. CGP was ordered on a left lung biopsy, which showed an *ALK* rearrangement (intron 8/19 breakpoints) predicted to result in an internal inversion. *ALK* FISH testing on the lung biopsy was positive. Follow up DNA and RNA CGP on the resected brain tissue were performed showing the same *ALK* internal inversion in DNA but an *EML4-ALK* fusion in RNA. The patient began treatment with alectinib and underwent stereotactic radiosurgery (SRS) to his brain lesion approximately 1 month later. The main mass in his left lung mass measured 7.2x2.5cm at diagnosis and decreased to 3.7x2.5cm at 5 weeks and 2.7x1.5cm at 14 weeks after initiation of alectinib and no other metastatic sites outside the brain were identified. A brain MRI 3.5 months after treatment initiation showed a new 11mm lesion and SRS was repeated. He remains on alectinib for 7 months with an ongoing response in the lung.

Case 3 is that of a 78-year-old female never-smoker diagnosed with stage IV lung adenocarcinoma in 2018. CGP was performed on a cell pellet from pleural fluid collected at diagnosis, which detected an *ALK* rearrangement (intron 15/19 breakpoints) predicted to result in an internal inversion. The patient received chemotherapy and immunotherapy for approximately 2 months with some intolerance and no evidence of response, before beginning alectinib. Subsequent *ALK* FISH testing was negative and alectinib was interrupted for approximately 2 weeks. DNA and RNA CGP were performed on the original pleural fluid cell pellet and showed the same *ALK* internal inversion in DNA but an *EML4-ALK* fusion in RNA. Alectinib was resumed and the patient remains on therapy for 12 months with a complete response.

We also identified 8 NSCLC cases (0.02%) with DNA rearrangements with both breakpoints within the *ALK* gene predicted to result in deletion of a portion of the N-terminal region ([Table 1](#T0001){ref-type="table"}). In 3/8 cases, no co-occurring *ALK* rearrangement or other drivers were detected. Clinical follow up data was available for 1 of these patients. Case 4 is that of a 66-year old female who was diagnosed with Stage IIIA lung adenocarcinoma in 2016. She initially underwent tri-modality therapy including cisplatin/etoposide plus radiation therapy followed by R middle and lower lobectomy with lymph node dissection. As both the 4R node and primary tumor were ALK positive by FISH, she was started on crizotinib for residual unresectable disease. Treatment was discontinued after 3 months due to toxicity and imaging demonstrated no evidence of disease. She was subsequently found to have liver lesions 1 year later and CGP of a liver metastasis detected an *ALK* rearrangement (intron 12/19 breakpoints) predicted to result in an internal deletion. She was restarted on crizotinib with a PR and remained on treatment for 16 months until progression of liver lesions. She was switched to brigatinib but discontinued due to pneumonitis and subsequently began treatment with alectinib, ongoing for 10 months with a PR.

Discussion {#S0004}
==========

Following a dramatic prolonged response to alectinib in a patient with NSCLC harboring a previously uncharacterized *ALK* rearrangement, we queried a large genomic database of over 39,000 NSCLCs and found that *ALK* internal inversion rearrangements are rare (\<0.1%) but recurrent events, sometimes difficult to detect using FISH but likely clinically actionable. These inversions involve a subset of exons 1--19 and typically include classic intron 19 breakpoints. They are often detected with other co-occurring *ALK* rearrangements but can occur as the sole *ALK* DNA event. FISH testing was available for 3/6 such cases and was positive in 1 instance (intron 8/19 breakpoints) but negative in the other 2 (intron 15/19 and 17/19 breakpoints), suggesting that detection by FISH may depend on the size of a given inversion. Importantly, subsequent analyses revealed that in 2/2 cases with only an *ALK* internal inversion in DNA, RNA testing detected a classic *EML4-ALK* fusion. *ALK* internal inversions as the sole *ALK* rearrangement were also detected in 5 additional cases in the Foundation Medicine database of \~170,000 non-NSCLC tumor samples; however, none of these cases had a canonical intron 19 breakpoints or RNA data available, so the functional status of these events is unclear.

A plausible biological explanation for our observation that 2/2 cases with *ALK* DNA internal inversions harbor RNA-only *ALK* fusions is that these inversions are not driver alterations per se but are indicators of more extensive rearrangement events affecting the *ALK* locus. Because typical commercial NGS sequencing technologies use short sequencing reads to obtain raw sequencing data, which is then computationally assembled and mapped to the reference genome, the full extent of a complex DNA rearrangement can be difficult to capture. Thus, DNA rearrangements might sometimes appear as partner-less events or events of unclear biological significance, such as *ALK* internal inversions, while RNA sequencing of these cases reveals in-frame fusions. This phenomenon has been reported previously using other NGS platforms, suggesting a general limitation of the technology.[@CIT0015],[@CIT0016]

An important implication of this finding is that for cases where NGS DNA sequencing uncovers rearrangements of unclear significance in known oncogenes, orthogonal testing, such as with RNA or protein-based assays should be considered to ascertain whether the detected rearrangements are incompletely-captured oncogenic fusions or likely non-productive events.

In the case of the index patient, she responded to alectinib for 26 months, and at progression CGP of ctDNA showed the initial *ALK* intron 17/19 deletion and an *ALK* rearrangement with an intron 18 breakpoint, which was unlikely to have been detected initially because the tissue CGP assay utilized initially lacks dedicated intron 18 baiting. Without RNA evidence for this case it is not possible to assess directly, but given the excellent clinical response, we speculate that an *ALK* fusion would likely be detected in RNA. No *ALK* resistance mutations were detected at progression on alectinib; however, an acquired *STK11* inactivating truncation was identified. *STK11* alterations have been identified as resistance mechanisms to immune checkpoint inhibitors in NSCLC,[@CIT0017] but have not been described as acquired alterations driving resistance to ALK TKIs. However, in this case it's conceivable that the *STK11* alteration could be modulating the host anti-tumor response.

We also identified rare *ALK* N-terminal deletions and similar events have resulted in ALK activation in preclinical models.[@CIT0010],[@CIT0011] In 3/8 cases the deletion was the sole *ALK* rearrangement in DNA, and FISH testing available for 2/3 cases and was negative in 1 case (intron 3/19 breakpoints) and positive in the other (intron 12/19 breakpoints). Although no RNA data was available for any of the 5 NSCLC cases with *ALK* deletions, we also identified *ALK* internal deletions in 11 cases in the Foundation Medicine database of \~170,000 non-NSCLC tumor samples. In 3/3 of these cases with RNA data available (rhabdomyosarcoma with deletion of exons 2--17, unknown primary malignant neoplasm with deletion exons 3--18 and undifferentiated sarcoma with deletion of exons 2--16) the DNA-identified *ALK* internal deletion was confirmed in RNA, but none of these cases had an *ALK* fusion detected in RNA. Our report herein of a patient with NSCLC positive for an *ALK* internal deletion who responded to crizotinib, and then alectinib, provides preliminary validation of preclinical data showing that *ALK* deletions within the extracellular domain are activating and suggests that such deletions may define a novel class of clinically targetable driver alterations in NSCLC.

Overall this work provides preliminary clinical evidence for targetability of 2 distinct rare rearrangement classes that are detected as variants affecting the N-terminus of *ALK*. Although these events are uncommon, it's possible that incomplete intron baiting leads to an underrepresentation in overall frequency. Limitations of this study include lack of clinical treatment data for a significant subset of patients, as well as incomplete FISH, IHC, and RNA sequencing data. However, available data suggest that *ALK* internal inversions detected in DNA correlate with the identification of *ALK* fusions in RNA (2/2 cases). Therefore, these events may be indicative of more extensive *ALK* rearrangements, and 100% (3/3) of patients with these events responded to ALK TKIs. Internal deletions in contrast do not appear to result in gene fusions (3/3 non-NSCLC cases with available RNA data were negative for *ALK* fusion) but do appear to be driver events with sensitivity to ALK TKIs. FISH results were mixed for both classes of rearrangements. This work suggests that CGP to identify these alterations, as well as supplemental RNA or IHC testing, is warranted to allow these patients to be matched to highly effective approved targeted therapies or enroll in clinical trials. Figure 1Response to alectinib in index case with *ALK* internal inversion. PET-CT scans just prior to initiation of alectinib (left) PET-CT scans after 3 months of treatment with alectinib (right).
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[^1]: **Notes:** a: FISH testing performed by NeoGenomics; b: IHC testing performed by Genepath, clone ALKO1; c: FISH testing performed by Genepath; d: FISH testing performed by Integrated Oncology; e: FISH testing performed by Response Genetics. \*For 3/3 non-NSCLC cases with *ALK* internal deletions in DNA RNA testing showed only an ALK deletion and did not detect the presence of an *ALK* fusion.

[^2]: **Abbreviations:** N/A: not applicable, NE: not evaluated for this study.
